Ag ro no m iq ue, Do rn a in e de Vilvert, 78352 Jouy en Josas cedex, France Within the Bacillus subtilis genome sequencing project, the region between /ysA and i/vA was assigned to our laboratory. In this report we present the sequence of the last 36 kb of this region, between the kdg operon and the attachment site of the SPP prophage. A two-step strategy was used for the sequencing. In the first step, total chromosomal DNA was cloned in phage M13-based vectors and the clones carrying inserts from the target region were identified by hybridization with a cognate yeast artificial chromosome (YAC) from our collection. Sequencing of the clones allowed us to establish a number of contigs. In the second step the contigs were mapped by Long Accurate (LA) PCR and the remaining gaps closed by sequencing of the PCR products. The level of sequence inaccuracy due to LA PCR errors appeared t o be about 1 in 10000, which does not affect significantly the final sequence quality. This twostep strategy is efficient and we suggest that it can be applied to sequencing of longer chromosomal regions. The 36 kb sequence contains 38 coding sequences (CDSs), 19 of which encode unknown proteins. Seven genetic loci already mapped in this region, xpt, met& ilvA, ilvD, thyB, dfrA and degR were identified. Eleven CDSs were found t o display significant similarities to known proteins from the data banks, suggesting possible functions for some of the novel genes: cspD may encode a cold shock protein; bcsA, the first bacterial homologue of chalcone synthase; exol, a 5' to 3' exonuclease, similar to that of DNA polymerase I of Escherichia coli; and bsaA, a stress-response-associated protein. The protein encoded by yplP has homology with the transcriptional NifA-like regulators. The arrangement of the genes relative to possible promoters and terminators suggests 19 potential transcription units.
INTRODUCTION
Two types of approach are presently being followed in the sequencing of small genomes. One is based on random collections of cloned genome segments. The segments are Abbreviations: CDS, coding sequence; LA PCR, Long Accurate PCR; YAC, yeast artificial chromosome.
The GenBank accession number for the sequence reported in this paper is L77246.
sequenced to a high redundancy, typically greater than sixfold above the genome size, the resulting sequence is assembled into contigs and the gaps between the contigs filled by a variety of methods. This approach was used to sequence the complete genomes of Haemophiltrs influenxae and Mycoplasmagenitahm (Fleischmann e t a/., 1995 ; Fraser e t a]., 1995). Another approach is based on the use of ordered collections of genome segments. The segments are sequenced independently to completion and the final sequence is then assembled. This approach was used to IP: 54.70.40.11 On: Sat, 29 Dec 2018 02:44:30 V. C A P U A N O and OTHERS sequence several Saccbaromyces cerevisiae chromosomes (Oliver e t al., 1992 , Dujon e t a/., 1994 .
Within the BaciZZm strbtilis genome sequencing project we are following an approach based on the ordered collection of segments in yeast artificial chromosomes (YACs ; Azevedo e t al., 1993). Sequencing of one YAC, 15-6B, carrying an insert of about 105 kb, involved: (i) cloning of YAC DNA in phage M13-based vectors and random sequencing of the clones; (ii) contig ordering, by combinatorial PCR and (iii) gap closure by direct sequencing of the PCR products (Sorokin et a/., 1996a) . The resulting new sequence extends from serA to the kdgT gene and covers a part of the chromosome region assigned to our laboratory, between EysA and the attachment site of phage Spa (attSPp) . Here we describe the sequencing of another YAC, YAC 10-9, from the same collection, that completes the sequence of this region. A somewhat different approach was used to sequence this YAC. Its DNA was purified by PFGE and used as a hybridization probe for screening a €3. szlbtilis total DNA bank, established in an M13mp18 vector. The contigs formed by sequencing of the identified clones were mapped by Long Accurate PCR (LA PCR; Barnes, 1994) . The use of LA PCR products as a source of DNA for sequencing has not been reported previously. We therefore estimated the error rate of DNA amplification, which is important for further utilization of the procedure in the framework of different sequencing projects, and found it to be not significant. Sequencing of the LA PCR products allowed us to extend the contiguous sequence of this region of the B. szhtiZi.r chromosome to the attSPB site.
METHODS
Strains and growth conditions. Bacillus subtilis strain 168, originally provided by C. Anagnostopoulos (Jouy-en-Josas, France) was used as the chromosomal DNA donor. Escherichia coli J JC128F' (araD 139 A(ara-leu)7G96galE 15galK16 A(lac)Y7# hdR-hsdM+ strA F'[lacP lacZAM15 traD34) or E. coli TG1 (K-12 A(lac-pro) supE thi hsdR-) F'[lacP lacZAMl5 traD34) were used as recipient strains for M13mp18 (Messing & Vieira, 1982) or pSGMU2 (Errington, 1986) cloning and DNA preparation. Luria Broth medium was used for standard culture of B. subtilis. 2YT (Yeast Tryptone) medium was used for E. coli. Yeast cells containing artificial chromosomes were grown as described by Azevedo e t al. (1993) and YAC 10-9 isolation was carried out as described by Sorokin e t al. (1996a) . This protocol allowed about 1 pg YAC DNA per 500 ml yeast cell culture to be obtained. Genomic banks and screening. B. subtilis chromosomal DNA was partially digested by AluI or randomly fragmented, using pancreatic DNase I or nebulization. Randomized DNA was electrophoresed on agarose gels and fragments from 600 to 1500 bp were purified using the GeneClean kit (Bio 101). Ends of fragments generated by pancreatic DNase I or by nebulization were filled using the Klenow fragment of E. coli DNA polymerase I. DNA fragments were cloned into M13mp18 DNA linearized at the SmaI polylinker site and dephosphorylated. Yield of phage plaques was about lo' (pg M13 DNA)-l for cloning of AluI or nebulized DNA fragments. Some 10 % of the plaques were white on plates containing IPTG. The clonin of fragments generated by pancreatic DNase I yielded 10 plaques (pg M13 DNA)-l, 50% of which were white. Plaques were replicated on Biodyne A membranes (Pall) and hybridized Q with l o n g 32P-labelled YAC 10-9 DNA using the Random Primed DNA Labeling Kit (Boehringer-Mannheim). Phages corresponding to the hybridizing plaques were propagated on E. coli strain J JC128F' for 15 h in 48-well plates. The following steps were carried out with the aid of a BIOMEC 1000 Laboratory workstation (Beckman). Phage suspensions were stored in 96-well plates and 15 p1 of each were used to prepare the filters (Hybond N+, Amersham) for a second hybridization screening. Positive clones (410 were identified) were stored and used for sequencing. About 90 YO of the positive clones carried inserts from the target region, as deduced from the analysis of the sequence. The remaining clones carried inserts from other regions of the B. subtilis chromosome and about 50% had homology with known genes. PCR procedures. Oligonucleotides were synthesized on DNA synthesizer ' Oligo 1000 ' (Beckman). For amplification of fragments shorter than 2 kb, standard PCR was carried out, using either M13 ssDNA clones or B. subtilis chromosomal DNA as template. LA PCR was carried out essentially as described by Cheng et a/. (1994) . Oligonucleotides of 2&23 bases, 12 of which were G or C residues, were used under the following reaction conditions : 20 mM Tricine, pH 8-7; 85 mM KOAc; 1 mM Mg(OAc),; 8 % (v/v) glycerol; 2 % (v/v) DMSO; 0.2 mM each dNTP (Perkin Elmer); 0 2 pM each primer; 2 U rTth polymerase (Perkin Elmer); 0.05 U Vent polymerase (Biolabs) and 0.1 pg B. subtilis chromosomal DNA prepared as described by Sorokin et al. (1996b) . The final reaction volume was 50 p1. Cycling conditions were: 94 "C, 5 min; 12 cycles of 10 s at 94 "C and 12 min at 68 "C and 24 cycles increasing the extension time by 15 s each cycle. PCR fragment subcloning. LA PCR reaction products, corresponding to the xpt-degR, degR-t!yB or thy&attSP#l interval were partially cut by HpaII, Tag1 or Sau3A. The cleaved DNA was electrophoresed on agarose gels and the fragments of 500-1 500 bp were purified and inserted into the Acd or BamHI site of M13mp18 or pSGMU2 (Errington, 1986) . For direct sequencing and sometimes for cloning, the LA PCR products, obtained by mixing 10 independent reactions, were purified using a Wizard PCR Preps Kit (Promega) or, after electrophoresis on agarose gels, using Geneclean (Bio 101). Sequencing. ssDNA of phage clones was prepared by the perchlorate method (Zimmermann et a/., 1989) as previously described (Sorokin e t al., 1993) . Plasmid DNA was prepared as described by Sorokin et al. (1995) . PCR with biotinylated primers (Dynal) carried out as specified by the supplier, was used to prepare DNA for reverse sequencing of the M13 phage inserts. Direct and reverse sequencing was carried out with Applied Biosystems PRISM and Reverse Sequencing kits, respectively, on the thermal cycler (Perkin Elmer) or Catalyst station (Applied Biosystems). Computing. R. Staden's XBAP program (Dear & Staden, 1991) was used for gel assembly and generation of a consensus sequence. Sequence homologies were searched using FASTA (Pearson & Lipman, 1988) or BLAST (Altschul e t af., 1990) algorithms, realized on the NCBI e-mail server. Nomenclature. The nomenclature for coding sequences (CDSs) is in accordance with the B. subtilis genome project as described by Sorokin e t al. (1996a) .
RESULTS AND DISCUSSION
Sequencing of the region between kdg and attSW YAC 10-9 contains an insert which was estimated to be -100 kb by PFG E The kdgattSP/3 region of the B. s&ilis chromosome YAC DNA was purified and used as a probe for hybridization with a total chromosomal DNA bank, constructed in the M13mp18 phage vector. Of the 60000 phage clones tested, 410 were positive. This number is almost fourfold lower than expected from the ratio of the YAC to chromosome length, which may be due to several mutually non-exclusive factors: (i) the size of the YAC may have been overestimated; (ii) a cloning bias against the regions covered by the YAC may exist; and (iii) the hybridization procedure used may not have allowed detection of all clones homologous to the probe. All hybridizing inserts were sequenced, resulting in a total sequence length of about 54 kb, distributed among 125 contigs. Homology searches with protein data banks allowed us to identify the contigs corresponding to ihA, me&, degR, tbyB and xpt genes and also the contigs carrying the SPP immunity region (immSPp). A contig which has homology with GenBank entries M81760 and M81762, corresponding to attSPP, was also identified.
the region between kdg and attJPp were thus obtained, allowing construction of the genetic and physical map ( Fig. la) . The region between attSPP and immSPP was not amplified, which indicates that the distance between the two sites is longer than 25 kb, the maximal amplifiable fragment.
The LA PCR products were used as hybridization probes to attribute the 410 phage clones, and thus the sequenced contigs, to the intervals of the genetic map. The number of contigs and the length of the determined sequence in each of the three amplified 12 kb intervals is shown in Fig. l(a). The total corresponding contig length was -24.4 kb, that is -68% of the size of this region, which indicates that the random sequencing had generated some 70 YO of the sequence of the YAC 10-9 insert. Since we did not intend to sequence the phage SPp region present in the YAC, the sequences of the clones containing phage fragments were not used. (74) 100 (60) 82 (66) 47 (221) 51 (159) 52 (159) 48 (117) 26 (120) 51 (367) 25 (95) 99 (264) 99 (168) 30 (217) 100 (422) 23 (141) 25 (120) 44 (160) 42 (151) 35 (123) 55 (126) * Nomenclature for the putative CDSs is described in the text. t Corresponding to L77246 GenBank entry.
$ The putative start codon is indicated in bold and nucleotides complementary to 16s RNA are indicated in upper case letters.
11 SwissProt entry.
The number of amino acids over which the percentage match was determined is shown in parentheses. The kdg-attSPP region of the B. strbtilis chromosome used to construct M13 or pSGMU2 banks. About 300 clones were chosen at random and used as templates for -500 sequencing reactions. Some 200000 bases were thus read, and a consensus sequence of 25 kb established. A total of 21 point mutations was revealed in the cloned LA PCR products. The error rate of the amplification procedure was therefore estimated to be approximately 1 in 10 000 bp (21 /200 000), which is far below the error rate of a standard sequencing run, and thus should not affect the quality of the final sequence. In all cases of sequence discrepancy, the correct sequence was determined by sequencing several independent clones and/or direct sequencing of the product mixture from independent LA PCR experiments. The gaps remaining in the sequence were filled by direct sequencing of the PCR products. The final reading redundancy of the 355 kb sequence between kdg and attSP/? was about 6. It should be possible to significantly reduce this value, by replacing some or most of the shotgun sequencing of the LA PCR products by primer walking. All of the sequence was read at least once on each strand.
Identification of putative genes
CDSs larger than 60 codons, exhibiting ATG, TTG or GTG as start codon and which had an appropriately located upstream sequence complementary to the 3' end of 16s rRNA (McLaughlin et a/., 1981) were analysed. By these criteria, the region contains 38 CDSs and one truncated coding sequence, interrupted by the insertion of the SPb.prophage. As reported in Table 1 , ATG is the putative start codon of 28 CDSs, while TTG and GTG are the initiation codons for 9 and 1 CDSs, respectively. The genetic organization of the region is shown in Fig.  1 (b) . A transcriptional organization is also proposed, as deduced from the presence of inverted repeats followed by a T-rich sequence that could form a p-independent transcription terminator ( Fig. 1 b) . The genes localized between the adjacent transcription terminators and transcribed in the same direction were considered to be in the same operon. We found 19 putative transcriptional units, 13 of which were co-directional with chromosome replication, a proportion similar to that observed by Zeigler e t al. (1 990). Sequence analysis indicated that 19 of the 38 proteins encoded by the CDSs were found to have homologues in the data banks, a value higher than the -40 % observed in many systematic sequencing projects (cf. Fleischmann e t al., 1995). The function of the genes that have homologues, and the transcriptional features of the region, are discussed below. ypaP-ypaQ (xpt-pbuX) . The xanthine phosphoribosyl transferase gene (xpt), mutations which confer resistance to purine analogues, maps in this region (Saxild & Nygaard, 1987) and probably corresponds to ypaP. This hypothesis was confirmed by sequencing of the corresponding mutations (EMBL/GenBank/DDB J accession no. X83878). The other gene of this operon, y p a -, probably encodes a xanthine transport protein.
Gene functions in the xpt-attS@? region

ypbP (bcsA).
SinceypbP is the first bacterial gene related to plant chalcone synthase (Table 1) we propose the name bcsA (bacterial chalcone synthase A). Chalcone synthase catalyses the first step in the branch of phenylpropanoid metabolism leading to the synthesis of the ubiquitous flavonoid pigments and UV protectants. This pathway also leads to the synthesis of the isoflavonoid antibiotic phytoalexin, in response to wounding or microbial attack, which inhibits microbial growth by disrupting the cell membrane (for review, see Phillips & Kapulnik, 1995) . In plants, different external stimuli, such as fungal elicitors or UV illumination, can induce the expression of chalcone synthase activity (Ryder etal., 1987) . It is conceivable that BcsA is involved in bacterial adaptive and protective responses to environmental stress. (Leavitt & Ito, 1989) . D15 exonuclease is thought to be part of the bacteriophage T5 transcription-replication enzyme complex and may be involved in nick translation or in accumulation of ssDNA (Sayers & Eckstein, 1991) . PolI has been purified from B. subtilis and the exonuclease activity was reported to be absent (Okazaki & Kornberg, 1964) . However, the polA gene that encodes PolI was sequenced in our laboratory and the intrinsic 5'-3' exonuclease domain has been found (unpublished results). The exonuclease function of the YpcP protein might therefore indicate the redundant nature of this activity in B. sz/btilir. ypdQ. TheypdQ gene encodes a protein which is 40% identical to a cell wall enzyme (ebsB gene product) from Enterococcm faecalis (Bensing & Dunny, 1993) . Conjugation in Ent. faecalis is thought to be mediated by an aggregation substance which may interact with a surface protein (binding substance) of the recipient cell. It was proposed that the ebs locus is related to the synthesis or assembly of the binding substance and that EbsB may act as a cell wall hydrolase. The 70 aa N-terminal region of YpdQ also exhibits similarity to the N-terminal region of ribonuclease HI from E. coli. Conserved amino acids, presumed to be at the catalytic site of RNase HI (Itaya & Kondo, 1991) , are also present in YpdQ.
degR. The degR gene, involved in the regulation of transcription of the extracellular degradative enzyme genes, known also as prtR, has been identified and sequenced earlier by Yang e t al. (1987) . (Willinsky et a/., 1992) . A gene encoding a protein homologous to CspB and named c.pC has also been detected in €3. szrbtilis (GenBank accession no. D25230).
We therefore propose to designate ypfQ as cspD. As shown in Fig. 2(a) , the CspD protein has only 12 amino acid differences from CspB, all of which are in the nonstructured regions of the protein (Schindelin e t al., 1993; Schnuchel e t al., 1993) . It is thus very likely that CspD can substitute for CspB. The limits of the role of CspB have been investigated by using a B. subtilis cspB mutant (Willinsky e t al., 1992) . It was noted that the viability of the mutant is drastically affected at a freezing temperature, but cryotolerance increases when the cells are preincubated for 2 h at 10 O C before freezing. It was therefore suggested that genes other than cspB are involved in this tolerance. Probable candidates are cspC and cspD. It should be noted that the sequence 5' ATTGG, named the Y-box and thought to be recognized metB. The metB gene, which is involved in methionine biosynthesis, has been mapped in this part of the chromosome (Anagnostopoulos e t al., 1993) . The entire 36 kb region contains only one CDS encoding a protein of the methionine biosynthetic pathway. It is thus highly probable that this CDS, homologous to homoserine succinyl transferase of E. coli, corresponds to the metB gene. The occurrence of a putative terminator downstream from metB suggests that it is transcribed as a monocistronic unit in the direction from the terminus to the origin of replication. Almost perfect -10 (TATAAT) and -35 (TTGAAA) promoter sequences are present 38 bp upstream from the translational start codon of metB.
In E. Cali and S. tJyphimzlrizlm, transcription of the metB counterpart is negatively regulated by the MetR protein (Mares et al., 1992) . In the putative regulatory region of the B. stlbtilis metB gene we did not detect any sequence resembling the E. coli MetR binding site.
ypgP (bsaA). The translational start codon of 9pgP is separated by 341 bp from that of the metB gene and the two genes are transcribed divergently. The first gene of thejpg operon,JypgP, has very high similarity (more than 50 YO, Table 1 ) with plant salt-stress-associated proteins.
The corresponding homologue in the orange is encoded by csaA (citrus salt-stress-associated). The very high similarity of these proteins over their whole length strongly suggests thatypgP is involved in a stress response in B. sz/btilis. We therefore propose the designation bsaA (bacillus stress-associated) for this gene. This is the first example of a potential cmA counterpart found in bacteria, although one is known in yeast (PIR accession no. S46121). The similarity of these proteins to glutathione peroxidases may suggest that free radical levels increase during the salt stress response (Holland e t al., 1993) . The third CDS of this operon (ypgR) shares homology with the mpeV gene product from cyanobacteria. The homology is, however, restricted to only a part of the two proteins, which suggests that they may have a conserved domain rather than a similar function. thyB and dfrA. Thymidylate synthase, specified in B. sz&tilis by the th_A and th_B genes, catalyses the synthesis of dTMP from dUMP, while dihydrofolate reductase (dfrA) is involved in the reduction of dihydrofolate to tetrahydrofolate. The thyB and dfA genes are closely linked and were cloned and characterized by Iwakura e t al. (1988) . Our translated sequence differs by one amino acid from both the ThyB (aa 144) and DfrA (aa 165) sequences of that study. Verification of the sequencing gels indicated no error in our sequence. A strain difference could possibly account for the discrepancy. ilvD and ilvA. The genes h A and ilvD, which are involved in the synthesis of isoleucine, leucine and valine, have been genetically mapped in this part of the B. szlbtilis chromosome (Barat e t al., 1965) . The B. szlbtilis ilvA gene has been cloned and sequenced (GenBank accession no. M58606). This sequence is identical to ours over 1.6 kb, but the 5'-terminal 130 bp are completely different. We believe that our sequence is correct, since it was determined from two different templatesthe chromosomal DNA cloned in M13 phage and the LA PCR product, which was sequenced directly. The iZvD gene was identified by the homology of the encoded product to the corresponding E. cola' enzyme (Table 1 ). In the species closest to B. szlbtilis from which ilv genes have been sequenced, Lactococczls lactis, as well as in E. coli and other enterobacteriaceae, dlvA and ilvD belong to the same operon (Godon et al. , 1992 ; Renault et al. , 1995 ; Driver & Lawther, 1985) . In B. subtilis, however, the ilvA and ihD genes are separated by 10 kb. , 1994) and in arginine catabolism (RocR, Calogero e t al., 1994) . All the genes from the family contain a highly conserved domain, revealed by multiple alignments (Fig. 2c) . This domain is supposed to be essential for formation of open promoter complexes with RNA polymerase (Popham et al., 1989) . It is possible thatJyplP encodes a protein which belongs to this family of regulators.
ypoP. ThejpoP gene product exhibits homology over the whole length with the MprA protein and with a hypothetical 17 kDa protein from E. coli (Table 1) . MprA is thought to act as a transcriptional regulator involved in the osmoinduction of the proU operon (Del Castillo et al. 1991) . The 17 kDa polypeptide is encoded by an ORF located downstream of the pap and prs gene clusters, required for the formation of P pili in E. coli (Marklund et al., 1992) . However, a deletion mutation in the gene encoding the 17 kDa protein does not affect pilus formation.
yppP and yppQ. These two CDSs, which are transcribed divergently fromjpoP, have a strong homology with the same protein, the pilB gene product of Neisseriagonorrboeae (Taha et al., 1988) . The YppP sequence aligns with PilB from amino acids 227 to 347 while YppQ aligns with PilB from amino acids 390 to 515 (Fig. 2d ). PilB acts negatively in trans on the pilin promoter. It has been shown that the 280 N-terminal residues of PilB are sufficient for repressor activity. We propose that PilB of N. gonorrhoeae might be a bifunctional protein which interacts with DNA via its N-terminal domain. In both N. gonorrboeae and B. szibtilis, the pilB and yppP genes are located upstream of a transcription regulator gene and are transcribed divergently from it. It is tempting to suggest that_ypoP,_yppP and jppQ may have a function related to the same physiological process. Inactivation of expression of pilin genes in N. gonorrhoeae results in strains that exhibit marked competence deficiency. While in B. stlbtilis no structure resembling a pilus has been observed, the late competence comG protein is similar to a type IV N.
gonorrboeae pilus protein (Albano e t al., 1989) . It might be interesting to test whether inactivation of YpoP, YppP or YppQ affects B. snbtilis competence. ypqP (pipL). This CDS is interrupted by the SPP prophage.
Obviously, its integrity is not essential for B. szibtilis, since the corresponding protein is produced only when the phage is excised. We have designated this CDS pipL (Phage-Interrupted Protein near the Left attachment site).
Conclusions
The complete nucleotide sequence of the 35.5 kb k d r attSPP region was determined in this study. A contiguous sequence of 153 kb, extending between the hsA gene and the SP/3 prophage, and corresponding to the region assigned to our laboratory within the B. stlbtilis genome sequencing project, was thus completed. The genetic and CDS organization of this region, the latter based on current and previous work (Sorokin e t al., 1993 (Sorokin e t al., , 1996a are summarized in Fig. 3 . The gene functions from this region which have been defined experimentally, and the corresponding references, are listed in Table 2 . The sequencing strategy used here relied on LA PCR. The procedure has proved to be very powerful for ordering of the contigs formed by random sequencing, and for generating DNA both for subcloning and for direct sequencing. The sequence errors due to LA PCR are not significant. We conclude that LA PCR products can be used directly within genome sequencing projects.
